Gaining a better understanding of the genotypic and phenotypic adaptation of sessile (biofilmassociated) microorganisms to various forms of stress is required in order to develop more 3
Introduction
Biofilms are microbial communities containing sessile cells embedded in a self-produced extracelllular polymeric matrix (containing polysaccharides, DNA and other components). In comparison to their planktonic (free-living) counterparts, sessile cells are often much more resistant to various stress conditions (including treatment with antimicrobial agents) and this 5 increased resistance has a considerable impact on the treatment of biofilm-related infections (Fux, 2005) . Several mechanisms are thought to be involved in biofilm antimicrobial resistance including (i) slow penetration of the antimicrobial agent into the biofilm, (ii) changes in the chemical microenvironment within the biofilm, leading to zones of slow or no growth, (iii) adaptive stress responses, and (iv) presence of a small population of extremely 10 resistant "persister" cells (Mah & O'Toole, 2001 ; Stewart & Costerton, 2001 ; Donlan & Costerton, 2002 ; Gilbert et al. 2002a Gilbert et al. , 2002b .
In a first part of this review I will highlight the problems associated with the study of gene expression in biofilms, using a set of studies on the human-pathogenic fungus Candida albicans as an example. Subsequently I will review the recent literature concerning differential gene 15 expression in a number of microbial biofilms in response to stress (with a focus on stress related to exposure to antibiotics and reactive oxygen species) and link that to phenotypic adaptation. compared to the expression in planktonic cultures. Three different strains were tested (SC5314, CAI4 and CDB1) and several environmental parameters (medium flow, glucose concentration, aeration, time and temperature) were varied. Despite the marked differences in growth conditions, correlation coefficients for the biofilm-biofilm comparisons were high (between 0.80 and 0.97), while comparing gene expression profiles between planktonic 5 cultures or between biofilms and planktonic cultures resulted in lower correlation coefficients (0.54 to 0.80, and 0.54 to 0.81, respectively). 325 genes were identified as being differentially expressed between biofilm and planktonic conditions (214 genes were activated in biofilms, 111 were repressed). In this set, genes involved in protein synthesis, amino acid, lipid and nucleotide metabolism, transcription, and control of cellular organisation are overrepresented. 10 A high fraction of the 214 overexpressed genes are related to the synthesis of amino acids and many of these are homologs of genes that are under control of Gcn4p in Saccharomyces cerevisiae. Reduced biofilm formation in a C. albicans gcn4/gcn4 mutant confirmed the requirement for a functional Gcn4p for normal biofilm formation. In addition, ALS1 (thought to be involved in adhesion) was identified as the major overexpressed genes in biofilms, while 15 other genes of the ALS family were underexpressed (ALS7) or not differentially expressed at all (ALS5, ALS10). In a second transcriptome study, Murillo et al. (2005) focused on gene expression in the early phases of C. albicans biofilm formation (30 -390 min) . 41 genes were identified as being differentially upregulated in biofilms compared to planktonic cultures, while 25 genes were downregulated in biofilms. Nine of these 41 genes encode proteins 20 involved in sulfur metabolism, suggesting an upregulation of the entire sulfur assimilation pathway in early biofilm cultures. A second set of genes differentially upregulated in young biofilms are associated with phosphate metabolism. Marchais et al. (2005) identified 117 differentially expressed genes (77 overexpressed in adherent cells and 40 underexpressed).
Among the overexpressed genes, 22% played a role in cellular organisation and intracellular 25 transport, 10% were involved in amino acid and protein metabolism, 7% in carbohydrate metabolism, 5% in lipid and fatty acid metabolism, 5% in transcription, but the majority (46%) had no known function. Yeater et al. (2007) determined gene expression profiles in two C. albicans strains grown on two different substrates (denture & catheter), at three different time points (representing early, intermediate and mature biofilms). 243 genes were 30 differentially expressed in either biofilm or planktonic specimens, over the experimental time course, while 191 genes were differentially expressed between biofilm and planktonic cells at the three developmental time points studied. Data from this study indicated that assimilation of carbohydrates (both through glycolytic and non-glycolytic routes), amino acid metabolism and intracellular transport mechanisms are important in the early phase (6 h) of biofilm formation. During the intermediate phase (12 h), sessile cells have a high energy demand and use specific transporters for amino acids, sugars, ions, oligopeptides and lactate/pyruvate. At the 48 h time point few genes were differentially expressed. Zakikhany et al. (2007) and Nett et al. (2009) took the study of gene expression in C. albicans 5 biofilms to the next level by performing transcriptome analyses on biofilms grown in more elaborate model systems, that more-closely mimic human infections. Zakikhany et al. compared the expression in sessile C. albicans cells grown on reconstituted human oral epithelium (RHE) for various time points (1 to 24 h post inoculation) to that in planktonic cells (grown to mid-exponential phase). It turned out that 15% of the appr. 4300 reliably 10 expressed genes were ≥ 2-fold upregulated at one or more time points. One hour postinoculation, 164 genes were upregulated, of which 29 were only upregulated at this time point. The majority of these "early-only" genes (21/29) had no known function while others were involved in cellular functions such as transcription. 38 genes were significantly overexpressed throughout the entire experiment (1 to 24 h). Several of these were hyphae-15 specific or at least hyphae-associated (including HWP1 and ALS3), indicating that contact with the epithelial cells induces hyphae formation. Identification of genes that were only upregulated in later stages (12 or 24 h post inoculation) showed that these were mainly involved in metabolic functions and suggested a shift towards the use of other molecules than glucose as carbon source (e.g. lipid-derived two-carbon compounds). Interestingly, when the 20 results were compared with results obtained with mRNA recovered from 11 HIV-positive patients with pseudomembranous candidiasis, 38 genes that were increased at all time points in the RHE model also showed an increased expression in the patient samples. These 38 genes included hyphae-associated genes (including HWP1 and ALS3) as well as genes involved in the utilisation of two-carbon compounds via the glyoxylate cycle (Zakikhany et al., 2007) . In 25 the study of Nett et al. biofilms were grown on catheters inserted in the jugular vein of rats (Andes et al., 2004) . Samples taken from these central venous catheters at two time points (12 h, intermediate growth and 24 h, mature) were compared to in vitro grown planktonic cells.
124 genes were upregulated in biofilms at both time points, compared to the expression in planktonic cells. The majority of these genes were involved in transcription and protein 30 synthesis (13%), energy and metabolism (12%), carbohydrate synthesis and processing (10%), and transport (6%), while 35% of the 124 genes had no function assigned to it. 27 genes were downregulated at both time points ; 30% of these genes were involved in DNA processing.
Besides the above-descibed transcriptomics studies, several research groups have used proteomics to identify differentially expressed proteins. Thomas et al. (2006) (Schembri et al., 2003 ; Ito et al., 2009a Ito et al., , 2009b , TG and TG1 (Beloin et al., 2004) , JM109 and ATCC 25404 (Ren et al., 2004) , BW25113 (Domka et al., 2007) and PHL628 (Junker et al., 2007) have been used, as well as clinical isolates recovered from asymptomatic bacteriuria (Hancock & Klemm, 2007) . Although several of 10 these strains are listed as "K12", subtle differences between them may confound the comparison of gene expression data. It is important to keep this in mind when looking for genotypic and/or phenotypic adaptation to stress in sessile cells, as the differential expression of particular genes due to differences in the environmental conditions in the test and control situation may introduce bias and lead to erroneous conclusions. and efflux systems, while downregulated genes include both hypothetical phage proteins as 30 well as the -subunit of urease ( Table 2 ). The tolA gene, whose product affects LPS structure in such a way that the outer membrane has a decreased affinity for aminoglycoside antibiotics, was overexpressed in untreated sessile cells compared to planktonic cells, possibly leading to decreased aminglycoside susceptibility in biofilms. Genes encoding cytochrome c oxidases (subunits I, II and III, encoded by PA0106, PA0105 and PA0108, respectively) on the other hand were downregulated (2.7 to 2.9 fold) in untreated sessile cells when compared to planktonic cells. As cytochrome c oxidase is the terminal electron acceptor during aerobic growth and as aminoglycoside transport is coupled with terminal electron transport (Bryan et 5 al., 1980) , this downregulation is likely to confer reduced susceptibility as well.
While screening a library of appr. 4000 random P. aeruginosa PA14 transposon insertion mutants, Mah et al. (2003) identified a mutant that had decreased tobramycin susceptibility when grown in biofilms, but was otherwise indistinguishable from the wild-type strain (i.e. no differences in tobramycin susceptibility when grown planktonically). The mutation was 10 mapped to PA1163 (ndvB), coding for a periplasmic glucosyltransferase required for the synthesis of cyclic--(1,3)-glucans. Through a series of elegant experiments, the authors were able to demonstrate that the cyclic glucans synthesised by ndvB can sequester various antibiotics (including tobramycin, gentamycin and ciprofloxacin) and as such interfere with the movement of the antibiotics through the periplasmic space. Semi-quantitative PCR 15 confirmed that ndvB is preferentially expressed in sessile cells. In addition, further screening of this Tn5 insertion mutant bank resulted in the identification of a novel efflux pump (PA1874-1877) that was more highly expressed in biofilm cells than in planktonic cells and was contributed to the increased resistance of sessile populations to tobramycin, gentamycin and ciprofloxacin (Zhang & Mah, 2008) (Table 2) . 20
In P. aeruginosa biofilms treated with 1 µg/ml of the -lactam antibiotic imipenem (a concentration below the MIC), 336 genes were induced or repressed at least twofold (Bagge et al., 2004) . Not surprisingly, ampC (encoding a chromosomal -lactamase) showed the strongest differential expression (150-fold on day 3). Several genes involved in alginate biosynthesis (including the algD to algA cluster and the algU-mucABC gene cluster) were 25 also upregulated, while in younger biofilms treated with a subinhibitory concentration of imipenem, downregulation of motility-associated genes (flgC to flgI cluster, pilA, pilB, pilM to pilQ) was observed. The upregulation of alginate-related genes was associated with a drastic (up to 20-fold) increase in alginate production. Imipenem treatment also resulted in significant differences in biofilm structure, with treated biofilms containing more biomass per 30 area and being thicker, but having a smoother surface, leading to a lower surface-to-volume ratio. The overexpression of ampC and genes involved in alginate biosynthesis probably allows the more efficient neutralisation of imipenem : the AmpC -lactamase is secreted in membrane vesicles and the accumulation of this enzyme in the matrix permits the rapid hydrolysis of -lactams as they penetrate the matrix.
Exposure of P. aeruginosa PAO1 biofilms to sub-MIC levels of azithromycin (2 µg/ml) for 4 days, resulted in differential expression (≥5-fold difference) of 274 genes compared to untreated control biofilms (Gillis et al., 2005) . Several of the upregulated genes encode RND 5 efflux pumps, including mexC (x 94.8), oprJ (x 19.3), nfxB (x 14.5), mexD (x 12.7) and oprN (x 6.7). The expression of mexAB-oprM genes was not altered, but these genes are constitutively expressed at high levels already. By creating RND efflux pump mutants and transcriptional fusions, Gillis et al. (2005) showed that the mexAB-oprM and mexCD-oprJ RND efflux pumps are required for the formation of azithromycin-resistant P. aeruginosa 10 biofilms. Also, the various efflux pumps showed different expression patterns : while mexA was expressed continuously throughout the biofilm regardless of the presence of azithromycin, mexC was expressed only in biofilms (but not in planktonic cells) in the presence of azithromycin and expression levels appeared to be highest in central parts of the biofilm (it should be noted that in an earlier study expression of mexAB-oprM and mexCD-15 oprJ was found to be highest at the biofilm substratum, not the centre [de Kievit et al., 2001] ).
Interestingly, genes PA0105, PA0106 and PA0108 (encoding cytochrome c oxidase subunits)
were significantly down-regulated in response to azithromycin treatment, suggesting that also for macrolides there may be a coupling between electron transport and susceptibility, as already observed for tobramycin (Whiteley et al., 2001) (Table 2) . 20
When P. aeruginosa PA14 biofilms formed on cystic fibrosis-derived airway epithelial cells are treated with 500 µg/ml tobramycin (approximately half of the minimum bactericidal concentration under these conditions) for 30 min, 338 transcripts were upregulated and 500 were downregulated (Anderson et al., 2008) . Tobramycin treatment reduced the virulence of the bacteria towards the epithelial cells and several virulence-related genes were 25 downregulated. Conversely, several genes involved in alginate biosynthesis were upregulated (algU, mucA, algZ), but as core alg biosynthetic genes were not upregulated, it is uncertain whether this leads to increased alginate production. The transcript levels for most resistancerelated genes were only slightly altered (PA1541, mexB, mexR) or remained unchanged, suggesting that the expression of other, yet unknown, factors is important for resistance under 30 these conditions.
Comparing the data reported in the various studies revealed that very few differentially expressed genes are common between the different studies (Table 2) . Analysing the expression data reported by Whiteley et al. (2001) and Bagge et al. (2004) revealed that only PA2703 (encoding a hypothetical protein) and PA3819 (encoding a hypothetical membrane protein) are overexpressed as a result of both tobramycine and imipenem treatment ( Table 2) .
The only two genes that were upregulated by imipenem (Bagge et al., 2004) and tobramycine (cystic fibrosis-derived airway epithelial cell model, Anderson et al., 2008 ) (PA5261 and PA5162) are both involved in alginate biosynthesis. Also when a treatment with imipenem 5 (Bagge et al., 2004 ) is compared to treatment with azithromycin (Gillis et al., 2005) , two genes are found to be regulated in the same way : while PA4306 (encoding a type IVb pilin) is downregulated as a consequence of both treatments, PA5170 (encoding an arginineornithine antiporter) is upregulated (Table 2) . When comparing these studies, it also becomes obvious that the expression of particular genes can be induced or repressed, depending on the 10 antibiotic used (Table 2 ). PA2367 is downregulated by azithromycin, and it is upregulated by imipenem. Similarly, PA3049 is downregulated by azithromycin and upregulated by tobramycin, while PA5216 is downregulated by tobramycin and upregulated by azithromycin (Table 2) .
15

General stress response in E. coli biofilms
The studies by Schembri et al. (2003) , Beloin et al. (2004) , Ren et al. (2004) , Domka et al. (2007) and Hancock & Klemm (2007) revealed that stress-related genes are often overexpressed in sessile E. coli populations compared to planktonic cultures, even in the absence of antibiotics (Wood, 2009) . When comparing 40 h-old E. coli biofilms grown in a 20 flow cell with exponentially growing planktonic cultures, Schembri et al. (2003) noted that 46% (30/65) of rpoS-controlled genes were differentially expressed during biofilm growth (most were upregulated) and a rpoS mutant turned out to be incapable of forming a biofilm in the flow system. In addition, yeaGH were also overexpressed ; these genes are rpoS-regulated in Salmonella enterica and may also be associated with a stress response. Ito et al. (2008 Ito et al. ( , 25 2009a ) confirmed that rpoS-mediated stress responses contribute to biofilm-specific phenotypes (including ampicillin resistance). Also in 8 d-old E. coli TG1 biofilms grown in a microfermentor, stress-related genes were upregulated, including SOS response genes, chaperones, general stress response genes, heat shock proteins and genes involved in DNA repair and envelope stress response (Beloin et al., 2004) . This last group of genes includes 30 cpxAR (sensor-regulator components of the cpx two-component system) and the phage shock protein operon (pspABCDE), although no biofilm-related phenotype was obvious in a psp operon mutant. In addition, a TG1 recA mutant was no longer capable of forming mature biofilms, confirming the importance of stress responses in biofilm formation. In E. coli biofilms grown on glass wool, stress genes are also induced, including hslS, hslT, hha, soxS and b1112 (Ren et al., 2004) . hslST are involved in response to heat shock and superoxide stress, while soxS is involved in the response to superoxide. Gene b1112 (also known as ycfR or bhsA), encoding a putative outer membrane protein, plays an important role in stress response and biofilm formation as it mediates stress response by a mechanism that involves 5 increased synthesis of the signal molecule indole (Zhang et al., 2007 ; Wood, 2009 ). Cells in urine-grown biofilms formed by isolates recovered from asymptomatic bacteriuria cases also exhibit an overexpression of stress genes (Hancock & Klemm, 2007) . Among the most upregulated genes are cold and heat shock proteins including cpsAGH and hslS, and soxS, yfiD and pphA. The temporal data from Domka et al. (2007) revealed that various cold and 10 heat-shock proteins (cspABFGI) were upregulated in young but not in older biofilms. If, to what extent and how these general stress genes protect E. coli biofilms remains to be determined.
Adaptation of sessile P. aeruginosa and Burkholderia cenocepacia cells to oxidative stress 15
In several Gram-negative bacteria coordinated regulation of many genes associated with oxidative stress is mediated by the transcriptional regulator OxyR (Zheng et al., 2001 ; Ochsner et al., 2001) . In P. aeruginosa, oxidized OxyR increases the expression of ahpCF and katB (both encoding cytoplasmic enzymes) and of ahpB (encoding a periplasmic enzyme) 
Adaptation of sessile C. albicans cells to exposure to antifungal agents
The molecular mechanisms of antifungal resistance in C. albicans have been extensively studied and changes in the expression of genes have frequently been reported in resistant clinical isolates (White, 1997 ; White et al., 1998 ; Sanglard, 2002) . Azole antifungal drugs (including fluconazole, miconazole and itraconazole) target the P450 mono-oxygenase 5 encoded by the ERG11 gene. This enzyme is involved in the conversion of lanosterol into ergosterol by mediating 14--demethylation, a key step in ergosterol biosynthesis (White et al., 1998) . Resistance to fluconazole, the most commonly used antifungal agent, is associated with overexpression of ERG11 but changes in the expression of other ERG genes (including ERG3 and ERG25) have also been associated with azole resistance (Franz et al., 1998 ; 10 Lopez-Ribot et al., 1998; Henry et al., 2000) . In addition, in fluconazole-resistant isolates, genes encoding efflux pumps (including MDR1, CDR1 and CDR2) are often upregulated, resulting in increased efflux (Lopez-Ribot et al., 1998 ; White et al., 2002 ; Rogers & Barker, 2003) . Polyene antifungal agents, including amphotericin B and nystatin, are fungicidal and bind to ergosterol in the fungal cell membrane, leading to membrane damage and oxidative 15 stress (Brajtbrug et al., 1990 ; Beggs, 1994) . In vitro exposure of planktonic cells to amphotericin B often leads to a repression of ERG3 and ERG11 expression and a concomitant decrease in ergosterol levels in the membrane, indicating that changes in the sterol composition are important for amphotericin B resistance in C. albicans (Liu et al., 2005) .
Furthermore, changes in the expression of genes involved in β-1,6-glucan biosynthesis 20 (including SKN1 and KRE1) have also been proposed as a resistance mechanism against polyene antifungals (Gale, 1986 ; Mio et al., 1997 ; Liu et al., 2005) .
Antifungal resistance in C. albicans biofilms is a complex phenomenon, and like in planktonic cells, multiple mechanisms appear to be involved (Kuhn & Ghannoum, 2004) . It was reported that efflux pumps are highly expressed in young biofilms (Ramage et al., 2002 ; 25 Mukherjee et al., 2003 ; Mateus et al., 2004) , even in the absence of an antifungal agent. However, the expression of genes encoding efflux pumps (CDR and MDR family) seems to be model-system and/or strain-dependent as CDR and MDR genes were not found to be overexpressed in the transcriptome studies of Garcia-Sanchez et al. (2004) and Murillo et al. (2005) . Nevertheless, some genes (including QDR1 and CDR4) appeared overexpressed in the 30 study by Yeater et al. (2007) and other genes (including CDR2 at 12 h and MDR1 at 12 and at 24 h) were overexpressed in the in vivo model described by Nett et al. (2009) . Reduced ergosterol levels (combined with increased levels of other sterols) also provide a possible resistance mechanism in biofilms (Mukherjee et al., 2003) and changes in the expression levels of ERG genes were observed in several studies (Yeater et al., 2007 ; Nett et al., 2009) 
Role of differential expression of phage-related genes
Overexpression of phage-related genes in sessile cells compared to planktonic cells and/or increased expression in response to stress have been observed in several species. The mosthighly overexpressed P. aeruginosa PAO1 genes in the study of Whiteley et al. (2001) were proteins from a Pf1-like bacteriophage (now designated Pf4 ; Webb et al., 2004) and this was 25 confirmed by a 100-1000-fold greater abundance of phage particles in the biofilm reactor compared to planktonic cultures. In Bacillus subtilis, 17 genes involved in production of the defective prophage PBSX are overexpressed in biofilms (Stanley et al., 2003) . In B.
cenocepacia biofilms, a prolonged treatment (30 or 60 min) with H 2 O 2 resulted in an increased transcription of genes belonging to a BcepMu prophage (BCAS0540-BCAS0554), 30 located on one of the B. cenocepacia genomic islands (genomic island 14) (Peeters et al., 2010) . One of these genes (BCAS0547, encoding a putative DNA-binding phage protein) was also found to be upregulated during growth in cystic fibrosis sputum (Drevinek et al., 2008) .
Bacterial stress responses can increase the mobility of bacteriophages (reviewed by Miller, 2001 ) and it has been proposed that prophage production may have a role in generating genetic diversity in the biofilm (e.g. production of Pf4 in P. aeruginosa biofilms is correlated with the emergence of small-colony variants) (Webb et al., 2004) . When faced with unstable environmental conditions, communities are protected by diversity, a principle known as the 5 "insurance hypothesis" (Boles et al., 2004) and the diversity generated by the induction of prophages may contribute to biofilm resilience.
An emerging picture
From the examples above, it is clear that sessile cells have various ways of coping with the 10 stress imposed on them by treatment with antibiotics or disinfectants.
A first defense mechanism is the upregulation of genes encoding efflux pumps, resulting in an increased efflux of the antimicrobial agent. In some organisms particular efflux pumps appear to be biofilm specific. The increased production of enzymes that can degrade antibiotics or reactive oxygen species is an important defense mechanism in various bacteria. While some 15 of these enzymes appear equally important for protecting planktonic and sessile cells (e.g. katB in B. cenocepacia), some appear biofilm specific (e.g. ahpCF in P. aeruginosa).
Phenotypic adaptations resulting in reduced transport of antimicrobial agents in biofilms and/or reduced permeability of the cell have also been reported. These include the increased production of extracellular matrix (e.g. alginate) and/or other components that can sequester 20
antibiotics (e.g. cyclic glucans), and the differential expression of genes affecting cellular uptake (e.g. tolA). Finally, altering the expression of genes coding for the target of the antimicrobial agent (e.g. ERG genes in C. albicans) and/or activating alternative pathways can also result in decreased susceptibility.
Interestingly, in various organisms the expression of genes thought to be involved in stress 25 resistance is altered in sessile cells compared to planktonic cells, even in the absence of the stress, leading to "innate resistance" of sessile cells. Examples include the upregulation of several genes coding for efflux pumps in C. albicans, the upregulation of tolA in P.
aeruginosa, the downregulation of cytochrome c oxidase genes in P. aeruginosa and the upregulation of heat-shock proteins in E. coli. Generating diversity by the induction of 30 prophages may also contribute to the intrinsic resistance of biofilm populations.
Problems associated with reliably identifying gene expression patterns in biofilms and implications for identifying the response to stress Heterogeneity in microbial biofilms
It is a common misconception that all cells in a biofilm are exposed to the same conditions. Contrary, differences in metabolic activities combined with differencs in transport of 5 molecules in a biofilm result in gradients of nutrients, oxygen, signalling molecules and metabolic end products. As a result of these gradients, considerable structural, chemical and biological heterogeneity can be found within a biofilm (Stewart & Franlin, 2008) . For example, tomographic fluorescence imaging using silica nanoparticle sensors showed that within an E. coli biofilm pH values can vary from 5 to > 7, due to low rates of diffusion of 10 acidic metabolites or accumulation of fermentation products in oxygen-limited parts of the biofilm (Hidalgo et al., 2009) . As a consequence of this diversity, harvesting entire biofilm populations will only allow the identification of genes as being differentially expressed if these genes are uniquely expressed in biofilms and will result in an "average" picture of gene expression (Stewart & Franklin, 2008) . Unfortunately, few alternatives are at our disposal. 15
Reporter genes fused to promotor regions of a gene of interest can be used to microscopically monitor the expression of that gene in a biofilm (Stewart & Franklin, 2008) . A recent example of such a study is that of Ito et al. (2009b) who used a rpoS-gfp transcriptional fusion mutant to monitor rpoS expression in E. coli biofilms. Their results confirmed the existence of localised expression profiles, with rpoS being expressed in the majority of cells in early 20 phases of biofilm formation, while in later stages of biofilm formation, rpoS expression appeared limited to cells at the outside of the biofilm. Although useful, this approach requires the use of genetically-manipulated microorganisms and is at present not suitable for the simultaneous analysis of a large number of genes. Lenz et al. (2008) described the use of laser capture microdissection microscopy (LCMM) to recover cells from spatially resolved sites 25 within biofilms. RNA can then be isolated from these cells, allowing the study of gene expression by real-time quantitative PCR. Their proof-of-concept study confirmed that this approach is feasible and demonstrated that mRNA levels for particular genes are not uniform throughout the biofilm. The issue of heterogeneity is particularly relevant for C. albicans, which has multiple morphological forms (yeast, hyphae, pseudo-hyphae) (Calderone & Fonzi, 30 2001) . The fraction of filaments in a biofilms is highly dependent on the biofilm model system and the stage of biofilm formation (Nailis et al., 2009 ) and as a number of genes are considered to be hyphae-specific (or at least hyphae-associated), including ALS3 and HWP1 (Hoyer et al., 1998 ; Sundstrom, 2002) , interpretation of differential expression of genes under conditions that affect filamentation should take this into account.
It should be pointed out that also in planktonic cultures there can be considerable heterogeneity. Laser-diffraction particle-size scanning and microscopy of "planktonic" cultures of P. aeruginosa indicated that up to 90% of the entire culture was present in 5 aggregates of 10 to 400 µm, rather than as individual cells, and these planktonic cultures actually are more similar to "suspended biofilms" (Schleheck et al., 2009) suggest that there is a particular "niche" for sRNAs in allowing the quick and reliable 25 transition between distinct states (Levine et al., 2007 ; Shimoni et al., 2007 ; Mehta et al., 2008) . Conventional transcriptomic analyses rely on microarray-based identification of gene expression, and are inherently biased as only expression levels of genes for which probes are included on the array can be measured. As our knowledge about the occurrence of sRNAs in various organisms is still limited, the number of probes directed against intergenic regions 30 (containing sRNAs) is often small, precluding the identification of transcripts coming from intergenic regions. In addition, reverse transcription of sRNAs is often suboptimal (due to their small size and pronounced secondary structure) and probe labeling can also be hampered by the intrinsic structure of the sRNA (Huttenhoffer & Vogel, 2006 ; Sharma & Vogel, 2009 ).
Nevertheless, a limited number of studies have focused on the potential role of sRNAs in biofilm formation and phenotypic adaptation to stress. One of the bacterial regulatory systems involving sRNA is the carbon storage regulator (Csr) system (Romeo, 1998) . CsrA is a small RNA-binding protein that represses the expression of many stationary phase genes, while inducing expression of exponential-phase pathways (including glycogen synthesis and 5 catabolism, glycolysis and gluconeogenesis). The second component of the Csr system is the sRNA CsrB. CsrB can bind 18 CsrA molecules simultaneously and as such antagonizes the effect of CsrA (Romeo, 1998) . Jackson et al. (2002a) showed that in E. coli, biofilm formation is increased in a csrA mutant and that there is no biofilm formation in a csrB mutant. CsrB and CsrC sRNAs modulate protein activity by mimicking mRNA and sequester 10 away the CsrA protein from mRNA leaders. Moreover, induction of csrA expression induces biofilm dispersal. Additional studies have shown that the role of CsrA is consistent under diverse growth conditions and in a variety of enterobacterial strains and species (Jackson et al., 2002b ; Agladze et al., 2003) . The link between the csrA/B system and biofilm formation was found to be the cell-bound polysaccharide adhesin poly--1,6-N-acetyl-glucosamine 15 (PGA) (Wang et al., 2005) , as CsrA post-transcriptionally represses the gene required for PGA production, while there is also an indirect repression through inhibition of glgCAP expression (necessary for the stationary phase carbon flux into glycogen and subsequent conversion to glucose-1-phosphate required to generate a PGA precursor). In addition, the expression of luxS in E. coli (encoding the key enzyme in the biosynthesis of the autoinducer-20 2 quorum sensing molecule) is negatively regulated by the sRNA CyaR (De Lay & Gottesman, 2009 ). This downregulation results in a decreased AI-2 production ; under glucose-limited conditions this system probably decreases biofilm formation while increasing planktonic behaviour and as such may trigger the organisms to move in search of nutrients.
Also in P. aeruginosa social behaviour is co-regulated by sRNA molecules (Heurlier et al., 25 2004 ; Kay et al., 2006 ; Luchetti-Miganeh et al., 2008 ; Lapouge et al., 2008) . RsmA (a sRNA-binding regulatory protein) negatively controls the production of N-acyl homoserine lactone signalling molecules but this RsmA-based repression is antagonised by the GacAdependent sRNAs RsmY and RsmZ. In addition, an rsmY rsmZ double mutant shows enhanced biofilm formation compared to the wild type, suggesting that both genes jointly 30 influence biofilm formation.
Recently, a significant upregulation of transcriptional activity stemming from intergenic regions was noted when B. cenocepacia J2315 biofilms were treated with oxidising agents (Peeters et al., 2010) . Treatment with H 2 O 2 or NaOCl resulted in the upregulation of 37 and 56 intergenic regions, respectively, compared to untreated biofilms. Several of these intergenic regions were located in close proximity of genes with a similar expression pattern, suggesting co-transcription. However, other intergenic regions demonstrated markedly different expression patterns compared to their flanking genes and the basal expression levels of several of these regions was high. Several of these putative sRNAs were previously 5 predicted by an in silico approach (Coenye et al., 2007) , while others were found to be differentially expressed in B. cenocepacia grown in sputum (Drevinek et al., 2008) or in soillike conditions (Yoder-Himes et al., 2009) . While the function of most of these putative sRNAs remained elusive, one had a marked similarity to the 6S RNA consensus structure, indicating its potential involvement in regulating gene expression. 10
Outlook
Traditionally, microarrays are used to identify changes in gene expression in high-throughput analyses, but there are several drawbacks associated with their use. Probably the most relevant 15 drawback is that this approach is inherently biased (i.e. you can only measure what is known and hence represented on the array). This can be circumvented by using high-throughput parallel sequencing ("RNA sequencing"). This novel, unbiased, approach will not only reveal changes in the expression level of protein coding genes, but will also lead to the discovery of changes in sRNA expression. Several sequencing technologies are currently available, 20 including pyrosequencing (454 sequencing) and Illumina "sequencing-by-synthesis" (Mardis, 2008 ; Shendure & Hanlee, 2008 ; Petterson et al., 2009) . These techniques present a vast improvement over microarray-based transcriptome analysis, but still rely on the generation of cDNA prior to sequencing, which may be the source of various types of errors. Ozsolak et al. 
